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An experimental method is described for determining the low-temperature heat capacity (Cp) of mg-sized
powder samples using the Quantum Design ‘‘Physical Properties Measurement System’’ (PPMS). The
powder is contained in an Al pan as an 1 mm thick compressed layer. The sample is not mixed with
Apiezon N grease, as compared to other methods. Thus, it is not contaminated and can be used for further
study. This is necessary for samples that are only available in tiny amounts. To demonstrate the method
various samples, all insulating in nature, were studied including benzoic acid, sapphire and different sil-
icate minerals. The measurements show that the method has an accuracy in Cp to better than 1% at T
above 30–50 K and ±3–5% up to ±10% below. The experimental procedure is based on three independent
PPMS and three independent differential scanning calorimetry (DSC) measurements. The DSC Cp data are
used to slightly adjust the PPMS Cp data by a factor C
DSC
p =C
PPMS
p
 at 298 K
. This is done because heat capac-
ities measured with a DSC device are more accurate around ambient T (60.6%) than PPMS values and is
possible because the deviation of PPMS heat capacities from reference values is nearly constant between
about 50 K and 300 K. The resulting standard entropies agree with published reference values within
0.21% for the silicates, by 0.34% for corundum, and by 0.9% for powdered benzoic acid. The method thus
allows entropy determinations on powders with an accuracy of better than 1%. The advantage of our
method compared to other experimental techniques is that the sample powder is not contaminated with
grease and that heat capacity values show less scatter at high temperatures.
 2011 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction tem (PPMS) [4]. Technical details of the instrument, as well itsA fundamental property of any substance is its heat capacity
ðCpÞ and its measurement is required for various investigations in
physics, chemistry, material research and Earth sciences. Dating
back to the early 1900s, the standard and most accurate method
for measuring low-temperature heat capacities is low-temperature
adiabatic calorimetry (low-TAC) [1]. This technique has, however,
several experimental disadvantages, namely: (i) it requires large
sample masses at least on the order of several grams for measure-
ment, (ii) it is time-consuming and the measurements are rather
tedious and (iii) it requires complicated instrumentation. As a
result, relatively few such calorimeters have been constructed
and operated world-wide.
As reviewed by Stewart [2], new techniques and devices for
small sample calorimetry (in the mg range) were developed in
the 1970s. Based on this and later work [3] Quantum Design con-
structed a commercial relaxation calorimeter, implemented as the
heat capacity option of the Physical Properties Measurement Sys-ax: +43 662 8044 622.
chs), artur.benisek@sbg.ac.at
-NC-ND license.measuring procedures and performance, have been described [5,6].
The best accuracy and precision with the PPMS have been
obtained for measurements using ﬂat plate-like single crystals
mounted directly onto the calorimeters’ platform with a ﬁlm of
Apiezon N grease providing thermal contact. Experimental accu-
racy in this case can be better than 1% at 100 K < T < 300 K, but it
decreases at lower temperatures [5–7]. If the contact surface of
the sample to the platform is polished, sample coupling, a measure
of the quality of the thermal contact between sample and calorim-
eter platform, can be improved further [8,9].
In terms of measuring powdered samples with the PPMS, sev-
eral preparation techniques, depending on the physical nature of
the powder (i.e. insulating versus conducting, compressibility
behavior, volatility, etc.), have been tested and applied. Experimen-
tal techniques that place the sample directly on the sample plat-
form, as a paste mixed with grease [5], or as pressed pellet with
grease on the bottom contact face [7], may be distinguished from
those using a powder encapsulated in a container. The latter meth-
od has several variations including (i) a compressed pure powder
sample in a sealed Al pan without internal grease [6], (ii) a powder
mixed with grease and sealed in an Al pan [10], (iii) a powder held
in a sapphire or epoxy container [11], and (iv) a mixture of powder
Fig. 1. Deviation of PPMS-measured heat capacities for (a) corundum (standard
reference material 720 [6], tremolite [35], anorthite [29], albite [29], and (b)
forsterite [22], hedenbergite, grossular [15] and pyrope [15] from published values
obtained using adiabatic calorimetry [36–43]. The encapsulation technique for the
powdered samples is that of Dachs and Bertoldi [6] as described in the text. Sample
masses were in the range 20–27 mg.
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let [12]. The accuracy of Cp data obtained from powder measure-
ments using the PPMS is generally lower compared to single-
crystal measurements. It is 1–2% for not too low temperatures
[6,10,12] and critically depends on sample geometry and sample
mass [7].
An important further criterion for choosing a speciﬁc measuring
technique is given by the availability and the value of the sample in
question. If it is available in only small amounts, mixing it with
grease in order to improve the thermal conductivity might be
undesirable, because the sample cannot be used for further exper-
iments without considerable loss of material resulting from wet-
chemical techniques applied to regain the pure substance. This is,
for example, the case with Earth Science materials that can only
be synthesized in small amounts at high pressures and tempera-
tures in various devices like a piston-cylinder apparatus or a mul-
ti-anvil press.
The powder preparation technique used by Dachs and Bertoldi
[6] is appropriate for such samples. Here, powders are compressed
to an 1 mm thick layer with no open space and without internal
grease in Al pans of ﬂat geometry, as used in differential scanning
calorimetry (DSC – see details below). These workers concluded
that Cp values so measured were systematically 1–2% too low at
T > 50 K [6]. This was determined by comparing PPMS Cp results
on corundum (sapphire standard reference material 720) and the
mineral sanidine to published Cp data obtained from low-TAC. Fol-
lowing this initial investigation, several studies using the same
sample preparation technique were performed [8,13–35]. The
accuracy of Cp values obtained with this method is generally in
the ±2% range above 50 K, as shown in Fig. 1 for the case where
low-TAC data are available for comparison.
In order to improve the accuracy of our experimental calorimet-
ric method further, we have developed a statistical technique
based on multiple PPMS and DSC measurements. We demonstrate
the methods suitability using benzoic acid, a poor thermal conduc-
tor, and various silicates relevant for the Earth sciences. With this
new approach, we are able to determine heat capacity values that
agree with reference values to within 1% at T > 50 K. We also derive
standard entropy values accurate to better than 1%, even for insu-
lating powders that were not mixed with grease.2. Experimental
2.1. Samples and data sources
Samples used for this study, whose C0ps were already measured
using the Dachs and Bertoldi PPMS technique for powders [6] and
whose C0ps can be taken from published work, are the following:
corundum (sapphire, Al2O3, standard reference material 720) [6],
and the silicate minerals tremolite amphibole (Ca2Mg5[(OH)2-
Si8O22]) [35], anorthite feldspar (CaAl2Si2O8) [29], albite feldspar
(NaAlSi3O8) [29], forsterite olivine (Mg2SiO4) [22], grossular garnet
(Ca3Al2Si3O12) and pyrope garnet (Mg3Al2Si3O12) [15]. Results pre-
sented for hedenbergite pyroxene (CaFeSi2O6) are unpublished.
Anorthite, albite, forsterite, grossular, pyrope and hedenbergite
are synthetic phases. Powdered benzoic acid (C7H6O2, standard ref-
erence material 39j) was also measured for this study using the
preparation technique of Dachs and Bertoldi. Reference data for
all these substances exist from low-TAC measurements [36–45].2.2. Measurements
Low-temperature heat capacities (5–300 K) were measured
with the PPMS constructed by Quantum Design [4]. A complete
PPMS experiment to measure Cp comprises an ‘addenda run’ anda ‘sample run’. The ﬁrst measurement determines the heat capacity
of the empty sample platform (plus Apiezon N grease to facilitate
thermal contact between the platform and the sample). In the sec-
ond measurement, the sample is placed onto the platform and the
heat capacity of the whole ensemble is measured. The net heat
capacity of the sample is then given by the difference between
both measurements. As the samples in this study are powders
encapsulated in Al pans, the heat capacity of the pans must also
be measured separately and their contribution subtracted from
Ctotalp .
As stated above, the sample encapsulation method applied here
is that of Dachs and Bertoldi [6], where a powder is sealed in an Al
pan (fabricated by TA Instruments – Part Nos. 900793 and 900794
for Al pan and lid, respectively). The pans and lids are 0.2 mm thick
and weigh between 57 and 59 mg. The bottom of the pan has a
diameter of 5 mm that slightly overlaps the quadratic
3.5  3.5 mm size sample platform. The sealing is done with a TA
Instruments DSC sample press (Part No. 900685) such that the
powder is compressed into an 1 mm thick layer. There is an inti-
mate contact with the walls of the Al pan and no open space. A pic-
ture of such an Al pan ﬁlled with powdered benzoic acid (13 mg) is
shown in Fig. 2 (cut through the middle after sealing).
To calculate Csamplep , and in order to minimize systematic errors
related to Ccontainerp , the heat capacities of ﬁve different empty and
sealed Al pans were measured with the PPMS and normalized to
a mass of 57.5 mg. The mean Cp value was then subtracted from
Ctotalp taking into account the ratio between the normalized mass
and the actual mass of the Al pan in the measurement. The empty
Al pans and lid contribute 65% to Ctotalp around ambient T, increas-
ing to 85% at low temperatures in the case of powder samples
Fig. 2. Photograph of 13.6 mg powdered benzoic acid held in an Al pan and lid as
described in the text and cut through the middle after PPMS measurement.
Fig. 3. Deviation of heat capacities for powdered benzoic acid (a) for three
independent PPMS measurements (sample 1: 12.4 mg, sample 2: 13.6 mg, sample
3: 12.7 mg), and (b) resulting from the method presented in this study from
published reference values [44,45].
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performed at 60 different temperatures between 5 and 300 K with
a logarithmic spacing and three replicates at each temperature. For
benzoic acid three different powder samples were measured. For
corundum, tremolite, anorthite, albite and grossular, in addition
to previously published PPMS Cp data, some measurements with
newly prepared powder samples were made in order to have, in to-
tal, three independent data sets for each substance. Sample cou-
plings in the measurements were typically >99% at T > 100 K
and in the range 90–99% at lower temperatures.
Heat capacities above ambient T were measured with a Perkin
Elmer Diamond DSC using Perkin Elmer Al-pans and lids (kit No.
0219-0041) containing the loose powder sample. Benzoic acid
was measured between 282 and 305 K and sapphire, tremolite,
anorthite, albite, and grossular between 282 and 764 K. The mea-
surements were performed under a ﬂow of Ar gas and the calorim-
eter block was kept at a constant temperature of 243.3 K using a
Perkin Elmer Intracooler. A ﬂow of dried air avoided the growth
of ice crystals on the calorimeter block. This ﬂow was set to
200 ml/min and is lower than the factory setting (600 ml/min).
Additionally, the cover heater was turned off. The heat-ﬂow data
were collected in the step-scanning mode with a heating rate of
10 K/min in temperature intervals of 100 K. Using a self-written
Mathematica program, the heat capacity of the blank run was sub-
tracted from that of the reference and sample measurement,
respectively, following the method of Mraw [46, chapter
11.6.4.2]. This program is available as Supplementary material.
We found that the accuracy of the DSC measurements, which is
approximately ±1% for commercially available equipment [46],
was improved applying the above mentioned technical changes
and using this evaluation procedure. Each complete measurement
includes three separate measurements: a blank, a reference and a
sample measurement. Before each sample measurement, the DSC
was calibrated with a reference run using a synthetic single crystal
of corundum (31.764 mg) whose heat capacity values were taken
from the National Bureau of Standards Certiﬁcate [36]. Each sam-
ple (15–25 mg of benzoic acid, sapphire, tremolite, anorthite, al-
bite, grossular) was measured three to ﬁve times yielding mean
relative uncertainties of 0.4%. Three different samples of each sub-
stance were prepared in order to obtain three independent DSC
data sets on each substance similar to the PPMS measurements.3. Improved experimental method based on combined PPMS
and DSC measured heat capacities
The accuracy of three independent PPMS Cp measurements on
powdered benzoic acid is within 2% above 50 K and the devia-
tions are approximately constant with temperature (Fig. 3a). Sim-
ilar accuracies were obtained on various silicates (Fig. 1). At
T > 50 K they amount to 1.4, 0.6 and 1.1% on average for the
three different measurements on powdered benzoic acid respec-
tively. That is, the Cp values are too low by these amounts. For a
PPMS measurement on a powdered sample for which no low-TAC reference data are available for comparison it is, a priori, not
clear how accurate this measurement will be within the observed
range of 2%.
An improvement to the accuracy of the PPMS Cp values can be
made by considering them in combination with C0ps measured
around ambient T via DSC. The Cp values at 298 K on sapphire
and benzoic acid and four silicates, obtained from three indepen-
dent DSC determinations, where each represents the mean of 3–
5 DSC measurements, are accurate to within 0.3% on average with
a maximum deviation of 0.6% (Table 1). Thus, it seems reasonable
to adjust the PPMS data using the DSC results because of the better
accuracy of the latter. The adjustment is given by:
CPPMSp
 
corrected ¼ CPPMSp  CDSCp =CPPMSp
 at 298 K
ð1Þ
where CDSCp =C
PPMS
p
 at 298 K
is typically in the range 0.98 and 1.02. It
is >1, if the PPMS Cp values are less than the DSC Cp values and <1 in
the opposite case. It is applied to all PPMS heat capacities because
their deviation to reference data is nearly constant between 50
and 300 K, as discussed above (Fig. 1 and Fig. 3a). We apply this
adjustment procedure in a statistical manner, i.e. to all possible
combinations of the different PPMS and DSC data sets. This mini-
mizes systematic error. Thus, each of the three PPMS Cp data sets
is corrected according to Eq. (1) using each of the three DSC data
sets. This results in nine adjusted PPMS heat capacity data sets in
total that are averaged to give the ﬁnal heat capacity.4. Results and discussion
The accuracy of our low-temperature heat capacities, resulting
from our modiﬁed procedure, is shown in Fig. 3b for benzoic acid
Table 1
Accuracy of the standard entropy (So) and the heat content ðH298K  H0KÞ for various insulating powder samples measured by the PPMS method of this study (deviation in % from
published reference values, i.e. 100ðSPPMS  Sref Þ=Sref , analogous for heat content). The accuracy of the DSC heat capacity values at 298.15 K is also given for three different series,
each consisting of the mean Cp value from 3 to 5 repeated measurements. Data sources are cited in the text.
So % deviation H298K  H0K % deviation C298Kp measured by DSC % deviation
Series 1 Series 2 Series 3
Corundum 0.34 0.43 0.35 0.05 0.60
Benzoic Acid 0.85 0.65 0.48 0.55 0.58
Tremolite 0.11 0.03 0.34 0.15 0.22
Anorthite 0.10 0.08 0.52 0.35 0.12
Albite 0.21 0.29 0.15 0.22 0.21
Grossular 0.19 0.07 0.27 0.05 0.10
Fig. 4. Deviation of the heat capacity of corundum and tremolite, albite, anorthite
and grossular resulting from the method presented in this study from published
reference values [36–39,42].
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Following the adjustment procedure given above, heat capacities
are accurate to within 1% above 30–50 K. Accuracy decreases at
lower temperatures with possible deviations up to 5–10%. A cor-
rect determination of systematic errors in Cp behavior is difﬁcult
at low temperatures, however, because low-TAC is also less accu-
rate below 20 K [12].
The resulting standard entropy values have an accuracy of
60.21% for the silicate samples, 0.34% for corundum, and 0.9% for
powdered benzoic acid. Similar accuracies are obtained for heat
content values (Table 1). The method is therefore suitable for en-
tropy determinations with an accuracy of better than 1% despite
the noted uncertainty at low temperatures. This is because the en-
tropy contribution from low temperatures is small for substances
where the Cp only results from lattice vibrations. Our methodology
originates back to the study of Benisek and Dachs [47]. They calcu-
lated the uncertainty in the standard entropy of several substances
by propagating the errors involved in a PPMS measurement using a
Monte Carlo technique. It was found that the relative deviations in
the heat capacities values of empty Al pans were approximately
constant as a function of temperature. Heat capacities in later stud-
ies on feldspar [29,33,34] were adjusted according to Eq. (1) using
just a single PPMS and DSC data set.
The improved experimental method described herein leads to
heat-capacity values that have less scatter (1%) at T > 250 K com-
pared to heat capacities determined using encapsulation tech-
niques in which the powder is mixed with grease [10,12]. This is
demonstrated using the results of this study on benzoic acid
[Fig. 3b] and those of Shi et al. [12] (their Fig. 6) and Mariott
et al. [10] (their Fig. 2). Data scatter in the two latter studies is
2% and 4% at T > 250 K. As discussed by Shi et al. [12], this scat-
ter is probably caused by irreproducible effects related to heat
capacity anomalies arising from the Apiezon N grease at 220–290 K [48] that were attributed to a glass transition [49]. Scatter
can also arise from the state of Apiezon N grease, that is, whether
it occurs as a thin ﬁlm or forms a lump [50]. An advantage of our
method is that these complications do not come into play, because
Apiezon N grease is only used as a thin ﬁlm to obtain conduction
between the Al container and sample platform. It is not mixed with
the sample.
Shi et al. [12] measured the Cp of a pressed pellet of benzoic
acid having a copper foil covering with no grease included. They
claim that such an assembly ‘‘mimics’’ the experimental setup of
Dachs and Bertoldi [6]. The heat capacity values they measured
were 3–10% too low going from low to ambient temperatures
(their Fig. 5). These deviations are clearly larger than those result-
ing from our measurements, which are <2% above 50 K (Fig. 3a).
The reason why the assembly used by Shi et al. does not mimic
the preparation technique of Dachs and Bertoldi is mainly due
to the different sample geometries involved. This results in ther-
mal conduction paths within the powders and heat ﬂows that are
different between the two experimental conﬁgurations. In the
Dachs and Bertoldi method the encapsulated powder is a com-
pressed layer only of 1 mm thickness (Fig. 2) with a cross sec-
tional area of 20 mm2 (Al pans have a bottom contact
diameter of 5 mm). The samples of Shi et al. have a smaller diam-
eter of 2.8 mm (6.2 mm2 cross sectional area). Thus, they are
thicker by a factor of about three compared to the samples in
our encapsulation method (no information on the thickness of
their pellets is given). Additionally, heat ﬂow will reach the pow-
der layer via the lid more efﬁciently in our method, because the
Al pan is thicker by a factor of almost 10 (0.2 mm thickness com-
pared to 0.025 mm thickness of the Cu foil). If thermal paths
through a powdered sample are relatively short, relaxation effects
within the sample should be minimized and it is not necessary to
mix it with grease to obtain Cp values accurate to within 2%, even
for insulating materials. Concluding, the Dachs and Bertoldi meth-
od for powdered samples, which is improved upon here, can be
used for standard entropy determinations with an accuracy of
better than 1%. It has the advantage that the sample does not
need to be mixed with grease.Acknowledgements
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